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PREFACE

The purpose of this report is to dévelop a simplified dynamic
model of the 5-IVB thrust structure and engine for use in
control system analysis. This model contains & sufficiently
accurate representation of the structure to allow evaluation
of the control system response due to the effect of structural
{lexiblility.

This analysis was performed in compliance with the request
made at the Scotember 19, 1963, splinter meeting of the S-IVB
Dynamics and Control Working Group, held at the Marshall Space
Flight Center. The report is transmitted to partially Tulfill
the requirements of Contract Humber HAS 7-101 as noted in
Douglas Aircraft Company Report SM-L1b10: bata Submittol

Document Saturn S~IVB System, Item 3.3, dated March 1902.




ABSTRACT

*

Five deflection influence coefficients for the thrust sbructure

were converted 1o engine coordinates and simplified to a four ﬁagfé&
of freedom system. The lumped compliance of the actuators and ‘
engine werc then calculated and added to the system. These
influence coefficients along with the mass characteristics of

the engine were then used to determine the modal frequencies and

mode shapes of the [lour degree of freedom system.

-

»

The system was then reduced to two degrees of freedom. Rohational
deflection in the pitch and yaw planes was used. The mass
characteristics of the enmine were uszed ag%in and the vibrational
modes were founu. Frequencies of the two modes determinced by

v

this analysic were found to be within ¢ of the two dowminate

modes of the first analysis.

Thruzt Structure
Dynamic Analycis
Influence Coefticlents
Spring Rates

Matrix Algeora
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LIST OF ILIUSTRATIONS

Description
Trrust Structure Coordinate Syeten
Engine Coordinate Systenm
fetuator Spring

Hechanical Analog




LIBT OF SYME0LS

h - trapslationsl deflection {iun)
-~ rotationsl deflection of the engine {rad)
P - gpplied losd {Ibs)

¥ - moment applied to the engine [im 1bs) |
1 - radiel distance from engine centerline to actustor sttech point {in)
£ -« gepneralized coordinate |
K ~ spring constant {lbs/in)
- mass mebtrix

i
@5 - influence coefficient matrix

{ 7 1. trapsformation matrix

Subscripts
i = direction in thrust structure coordinates (1,2,3,4,5)
- pitch plane in engine coordinates
3

2
‘élf - yaw plane in englne coardimtea

2 = actuator

g - siructure
E -~ englne
& - lumped engine and actuabor spring terms



L. THTROIRCTICH

The inertial and elestic forces as sensed by the 2-IVE engine astusior wash

%
be adeguately predicted for inclusicn in the enmine servo design. Thus, 8
dynemic model inecluding engine dynamiecs anf thrust structure compliances mmst

be formed.

-
The engine dypamics are presented in Reference Z as a sipple E§ri§g at the
actuator attach point connected to a rigld engine. The inertial properiles
are the rigid body engine moment ©of inertisz and mass. Thiz model has besn
incorporated intc the servo analysis for some time, Ko atitampt ﬁill ve made 4o

alter the inertial formulation within this repori.

The thrust structure compliance is the unknown that must be developed into B
form scceptable to serve analysis technigues. The thrust structure englioe
attach point complisnces were described by a set of influence coefficients

in Reference 1. Matrix algebra methodsl were then employsd in this report
to trapsform the influence coefficients from the thrust structure coordinates
t0 an engine system of coordinstes.

%

The egquations of motion were formed for the engine coordinastes, snd the aguatiﬁﬁ@'

were golved for frequencies and mode shapes. [Ihe system was then reduced to
two degrees of freedom using rotation in the pitch and yavw planes only. 4n
enalysis was agailn performed and the wodal frequencles ané mode shapes wars
determined. The fregquenciles of the two wodes determined by this anslysis were
found to be very nsar the two dominate modes of the first anmlysis. This close
proximity showed the system could be reduced to two degrees of ffeedom and sbill
retain 8 desirable accuracy. An effective spring congtant for the systeﬁ‘was

determined from this reduced matrix.

A mechanical anslog for the two degrees of freedom aystem was then devised. This
dynamic model possesses the same properties as the reduced eystem and 1s adeguate
for performing conitrol systenm design.

lMatrix algebres methode were used throuwghout this report to perform travnsg-
formations and list simultensous equations. A good reference for gsieral
matrix methods 1s Frazer; Dancen snd Collar, Elementary Matrices, Cambridgs
Press, 1960. ‘

&,




2. COEVERSION OF THRUST STRUCTURE THFLUENCE CORFFICIENTS TO EBGIEE ﬁﬁﬁﬁﬁgﬁﬁ?ﬁg

2.1  Trorust Structure Influence (oefficients

The influence coefficient matrix equation describing the S-IVB thrust struciurs
(Reference 1) is:

k., i 855 «10 ~310 706 706 {

1 Py
b, <10 b8k <40 -1398 Gh IR .
By b= (2077) f-10 o 48k o -a3g8 | {Pr (1)
hy, 706 ~1398 6l 3108 25 | B, b
\ by J 706 6 -1398 ~25 3108 | (95‘

Or, Iin abbrevisted form:

(1 | )
s ““

The coordinste system used, hl through hS’ is presented grephically in Figure 1.
Positive forces and deflections ars ipn the direction shown by the srrovs. -

i

:

"

2.2 Transformation of Influence Coefficients to Engine Coordinates

For control system analysis, the engine rotation is the most comveniesnt co-
ordinate to use. A second ccordinate system was therefore devised to éeﬁérihﬁ ‘
engine movement directly (Figure 2). The influence coefficients in the new
system will define trauslation of the gimbal point and rotation of the enging
centerline in respense to forces and movements in these coordinstes. Tais

new coordinate system will henceforth be referred to as the "engins coordinate
system.” '

2:.2.1 Coordinate Transformation

The matrix equation glven in equstion 2 describes deflection in the engise
coordinate systen in terms of deflection in the thrust structure coordinate
Syﬁ‘ﬁm@
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The matrix gfm“ifill henceforth be referred to as the “coordinate transiormation

matrix”.

2.2.2 Force Transformation

The farcé matrix must also be transformed into the enéine coordinate sysdem.
The forces of equation 1 are defined along the lines of deflection shown in
Figure 1. Matrix equation 3 describes the thrust structure forces in terms
of the engine coordinate Torces and moments. '

' \ "‘ . B’
P 1 3 1 ¢ [ ¥
1 e ¥
W Z& .
P2 U 0 0 1 ) Py
O o L o ol V| (3)
4 3 I
P 0 o _ 0 BE NN
PS -7 Q 0 0
\ 4 L&y .

. ¥
A -check of the transformation matrix of equation 3 shows that it is the tran«
spose of the coordinaie transformation matrix. '

Therefore, cquation 3 may be rewritten as;:

2] - [ (e




2.2.3 Influence Coefficientn in Enpine Cogrdinates

Tne equations Tormed thus far are repeated beiow.

) - Hi |7 | ()
o 17 @
fpié . [ﬁ”lf el (3)

The influcnce coefficient matrix can now be converted into the engine coordinabs

system by substituting ecquations 2 and 3 into equation 1.
T Ea B EA I L B N )

M
Py -
The operation [T “! [EG } {P l] represents the influence coefficient
matrix for the engine cooruinave system. This matrix shall henceforth be
denoted by {ﬂ‘s} .

For j; = é; = 11.9 inches, the numerical value of the engine coordinate

system influence coefficient matrix, [@‘SJ s is:

 13.00 116059 -b.11 6.2z ]
1..16:59 i;a}‘“‘-‘uoo “6»22 “)‘4’0600 (5)

[j‘sl = (10™7) -4.11 -6.22  18.00 116.59

- -6.22 40,00 116.59 484,00




o NE

3. SIHMPLIFICATION OF IMFLUENCE COEFFICIENIS BY REDUCTION OF COORDINATES

The system defined by the matrix of ecquation h when used for control system
analysis resulis in excessive cqmpliaatié%. An investigablion was performed,
thnerfore, to ascertain if the systen could be simplified without excessive

loss of accuracy. One approach that could be used to get rid of unnecsssary
coordinates would be to use all four degrees of freedos in o stability snalysis
and eliminate any degrees of freedom that do not appreciably affect the resulls.
An easier approach; which is used herein, would be to form a dynamic spring-
mass system of the thrust stracture and engine and retsin only those degrees

of freedom Sthat conprise the low freéueney'medeﬁ‘ In this case, freguencies
and mode shapes for a spring-mass system involving the four depreses of free-
dom from equation b were determined. The four resultant modes were taken to
mean the answers of the "rigorous approach.” Then, as many degrees of free-
dom were elihinated as was possible without straying teo far from the rigorous
approach.

-

.

3.1 Addition of Actustor and kngine Spring Constants to the Bystem

To maintain a suring-mass system; only the spring terms of the actuator were
retained for this analysis. The springs of the engine and getuator add
in series end can be lumped into one as shown in Figure 3. This lumped spring

will hencefore be referred to as the actuator spring, Ka.

%.1.1 Actuater Soring Influence Coefficient Matrix in Thrust Structure

Coprdinates
7

This sovring will only increase Tlexibility in the actuator attach point degrees
of {reedon {hk and h5)5 The influence coefficient matrix equabtion for this

~dded Tlaxibility is then:

F oy ) [ o 3] 0 0 o Y
E O 0 0 0 o B,
i ¢ - b
< e % g b 9] 3 84 i A, £
: G Ve )
&
0 Pn o 9 1/%, 5
¢ i RS i
§ ) 0y A A S : jod
‘ - 1 o {3 3 LIK, : U
5 £ . L z 3 j
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For em estimuted walue of K = TLTED w107 1vfin, sgustine © booowes
3
3 3 . “4 , 5

h.; 9 {2 ¥ 3 G 2,

1 i3

h.. 3 G 197 G {3 ¥

< [

-5
n. l= (2077) o ) 0 0 0 dp b ()
> &
0 > 0 0 .28

h,s 2 L A 1 7""‘« 1 Pg ) -

\ y

3.1.2 Trinsformetion to Engins Coordinates

"The transforwation from thrust structure deflections and forces to engine

. deflections and forces was accomplished by the same transformetion procedures

as in equation b

R i B YIS G B L1 (8)

-

3.1.3 Actuator Spring Influence Coefficient Matri in Engine Coordinabes

The matrix operation %Twl¥ Zﬁgé z TWE? represents the actustor influence
coefficient matrix in the engine coordinate system. This matrix will hence-

- forth be denoted by §$'§ . The numerical value of %@*

% | A} is glven below in

equation 9.
N

,
9,03 0 0 0
o 0 e o
ggié = (207 2 0 9.03% 0 {93
3 0 0 0



3.1.4 Combiged Jafluence Coefficient Matrix

®

The total influence coefficient matrix 1z formed by adding equations 5 ané 9.

g] = .l o+ 1] (20}

The pumerical value of equation 10 is:

T 27.03  116.59 k.11 «5.22
1116.59 A8hk.0O -6.22 -L0.00
wsri = (10°7) ] w11 -6.22 27.03  116.59 | (11)
. -6.22  ~40.00 116.59 48hh.00 .

The matrix of equation 11 defines the influence coefficients for the thrust
structure and sctuator spring combined.

3.2 Four Degree OF Freedom Systen Analvseis

3.2.1 Engine ¥Mass Matrix

The matrix of equation 11 was then used, along with the engipe mass charssteristics
{Reference 2}, to determine the vibrationsl modes of the system. The imertial
properties of the engine are given as:

b - ,}ém ,q

ff@w'\  1.Thx10 235.5 0 0 ; & ”;;2
Py 235.5 7.96 0 0 By
b, } 0 o 1.7x10% 235.5 14, % {12
? 0 0 235.5 7961 By

N v@" g

3.2.2 Hode Shapes and Freguencies

Toe frecuencies wnd wode shepes for this four degres of Ireedon syebhem are

Listed below:




e
2::-»
&
B

Preguency {cps) Mode Shepe

i R i g

£, .50 6y = 1.0 (vad)
by = 5.97  (inch)
6‘@ "“"""l@C’ {fﬁ{i}

e YNGR
bg =~3.97  {inek)

#

Hi

£ 7.33 1.0
745
1.0
7.h9

£y 37.17 ~0.0150
1.0

0.0150
: -1.0

éh 38.33 ~0.015k%
1.0
«0.0154
1.0

3+2.3 Integrated Mass Matrix

The Integrated Masgs Matrix for the above modes is:

P, ) 5.906 O 0 0 lé )
1 1
B, 0 L.27h 0 0 ‘é
2 - b *2 %
) P, = (107 0 0 L.279 O .
3 & (13)
%\‘é L. O G 0 3—#@083 té:
Lk Ty

3.2.4  Importance of the Four Modes Upon Control System

“The first and second mode are both within the frequency spectrum of the
engine servo loop. The instantansous centers of rotation are 6 inches and
7 1/2 inches forward of the glmbal point for the two modes respegtively.

Thus, the modes are predaminately rotation.

B
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Conwersely, the two latier wodes are well out of the freguency speotrum of
ﬁha coriteol system snd hsve cepburs o0 rotation well rempved from the plobsel

geint - gpproxipetely 65 inches. The former fact is sufficisnt reason o

aﬁraﬂt the elimination of §3 and fg from thecontrol systen an&«fafse How-
contrel apalysis, deseriptive coordinmates such as eagloe rstati@n

gxpedient to work with than the generslized coordinstes m@ée wp of

are more e
combined motion in the case of the modes listed above. Therefore, the des«

coordinates (§¢ hwg é and hy ) are the ones that musi be operated

ever, in

eriptive
upon to eliminate the generalize& ﬁoer&ﬁna%ea 53 and é&

Toe decision as teo whiech degrees of freedom should be eliminated is made easy
by the fact that the two higher mpdes are predominately translation. There-

fore, elimination of b, and h@ is suggested.

3.3 Two Degree of Freedom System s

3.3.1 Modified Mass mnd Influence Coefficient Matrices

Elimination of the translational {h} degrees of freedom results in the in-
fluence coefficient matrix contained in squation number 14.

, 27.03 4117 [u
fui o (1) Y {1k}

o

The corresponding reduced mass matrix is presented within meirix equation 15.

-4, 11 27.03 My

My 1.7k o 1 13
"I o) v (15)
¥ ° LT e

3.3.2 Hode Shepes and Freguenciles

The frequencies end mode shapes for this two degree of freedom systen are

given balow.




tiode ¥requency Hode Shape

£, 6.85 cps By = 1.0 {rad)
1 .
5% w 3.0 (rad)
&, 7-96 cps 1.0
2
1.0

3:3.3 Integrated Masgs Matrix

The Integrsted Mass Matrix for this reduced case is:

Br 3.48 o | &

£1
- (0% é ‘ (16}
o, .

(Piat

The 1;1 and 2,2 terms differ from the 1;1 and 2,2 terms of eguation 13 by
15 per cent and 18 per cent respectively. The frequencies of the first and
second modes of the rigorous approach end the latter appfcach disagree by
7 per cent and 8.6 per cemt respectively. The resultant mode shapes in the
two epproaches agree exactly for the engine rotation degrees of freedom. -

3.4 Determination of Engine Spring Rate

If the foregoing tolerances arse ascceptable; only the rotation terms of egusilon
4 need be included in the influence coefficient mstrix. Crossing out the "b'
terms of equation 5 results in the reduced influence coefficients describing
the thrust structure compliance. '

g 18 ~h.11 My
= (1079 | (7)
éwﬁqll

18 . ﬁ@

dy

L %o

Transforming the deflections from engine courdinstes to actuator attach de~
flections: !




P ——
=
ki1
uad
9....!
.
N2
L]
| S—————
o
=
S
Py
fond
44
e

ar
tnii = gT_il &512
. -1 ‘ -1
Ferforming {T } {%} {T‘li as before:
h, . 5,55 -0.5847 [P )
S NN R (19)
h ~0. 55k 2.55 1 1P,
5 P,

Therefore, the spring under the actuator is (1/2.55) x 1% - 0E392x106 lb/inck.

The per cent cross coupling is -0.584/2.55 = -22.9%.
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MECHARICAL ANALGS

¢
i

3 ; - . .

A mechafical model can be &evised which will possess tho same dynemic properties
2 . )

ag uvhe two degree of freedom system. This medel is glwon in Figure §.

-

i
The eng%ne mass characteristics are represented by a mass wideh g sttached
1

to the gimbal bloek by a rigld arm. The length of this arm is equal to the

; .
length froae the gimbal peint to the engine center of gravity. The arms
attachiég the springs to the engine mass arm are equal in length to the radial

distanc% from the spring attach points To the vehicle centerline., The

“‘fléXibiéiﬁ& of the thrust structure is simulated by the four springs thus,

four conditions are effected by the model:
t
1. Engine mass, pitch and yaw inertis, and piteh and yaw center of
gravity are simulated.
2. The engine is pinned by = ball socket and can move in any combined
piteh and yaw motion. .
3. Spfings are provided which allow an electicity teo the sctuator
"attgph point and vermit suring ecoupling beiwesn the tvo plenss.
k. Symmetry is achieved by attaching the actualurs 45% op either sigo

‘ of the platform pivobt.

" ¥

The model is complete as shown except for the actual values of the four sovrings.

Spring siziﬁg is achieved by making the influence ccefficients of the mechanical

analog match the influence coelficients of equation 17. Influence ccefficlentc

3arc cbtained by imposing unit couples on the pivoted

for the mechanical analog
mass (engine) and calculaﬁing the angular deflections in pitch and yrw for

each loading. The result of this manipulation are the influence ceelficients

of equaﬁion 20. .
i
!
. - 1 S | 1 .
¥ P! T et 4 2 ) e ¥y 2
K:{rlﬁ'f thﬂlu@; /“i‘wi"[/
1 ' L, 1
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Q W 2 - ] 2 SRt ?
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‘Bquktion 20 'is the equivalent of eguation 17. The off disgonals must be

equal to the off diagonsl terms of eguation 17.

LY, s 1 : ) ~G

| meo—— L= =811 x 10 7

i ] . '}‘ LB .

ce TR ) SR S
I 2%

I xif l}ﬁ e ll;g; in'
L | 6 :

K, = 0.86 x 10~ 1bs/in

¢

The diszgonals of equatioﬁ 20 must be equal to the diagonals of eguation 17.

vl g we s ad A N
S

3

oo : ¥ g 2
R T A 2K'y) L1y

%

¥

&
0.508 x 10 lbs/ip

K‘Q:‘

.
i

The inertisl characterisiics of the inverted pendulum would be identical to

v

the engine.
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CONCLUSIORS

‘ J
The analysis provied it is possible 1o decrease the degress of freedrm and

still retain 8 td¢lerable accuracy. It was found that ithe rotational degress

of freedom dominate. A two degree of freedom systen using rotation in
‘each plane was the simplest systew derived. & 7i to 9% frequency error
.was introduced E@ this reduction. Any furiher reduction, i.e., to one

"degree of freedom, would eliminate cross ccupling which is fairly sizeable.

B

H

"-. An effective spring constant for the thrust structure was determined from the two

degree of freedom system. The value of this aprinz conzitant was Tound o

: be 0.392 x 100 lbs/in.
Y

; A dynamic mcdel was then derived for the two degree of freedom system.

This model is adefjuate for performing control system design.
&
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